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Abstract: An electrothermal-swing adsorption system was demonstrated on the bench scale for capture and recovery of organic vapor
from air streams. Methyl propyl keton@IPK), methyl ethyl ketonen-hexane, acetone, and methylene chloride were removed and
recovered at 200—1,020 ppnm a 40.0 slpm air stream while using activated carbon fiber dlatFC) adsorbent. Removal efficiencies

were greater than 99.9%. Liquid recovery fractions increased with increasing relative pressure, ranging from 0.11 for methylene chloride
(P/Pg=2.1x10"3) to greater than 0.80 for MPKR/P.,=2.2x10 2). The electrical energy consumed during regeneration per mol of
liquid organic compound recovered decreased with increasing relative pressure of the inlet gas stream, ranging from 4,698 kJ/mol fo
methylene chloride to 327 kJ/mol for MPK. Equilibrium ACFC adsorption capacity, throughput ratio, and length of unused bed were also
evaluated. These results are encouraging for the development of a new technology to capture and readily recover a wide range of orgar
vapors from air streams.
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Introduction their implication in the formation of tropospheric ozohehere
they are regulated as volatile organic compouMdCs)] (EPA
The potential acute and chronic effects associated with the releas€000b). There is also growing concern about the release of other
of solvents and other volatile chemicals into the atmosphere havevolatile chemicals because of their implication in greenhouse gas
caused concern for their impact on human health and the environ-warming through the formation of tropospheric ozoffePA
ment. The U.S. EPA regulates the emission of solvents to the 2002a).
atmosphere, both for their direct impact on human heaittere The EPA estimates that 1.61¢'° kg of VOCs were emitted
they are regulated as hazardous air pollutdftaPs)] and for from anthropogenic sources in the United States during 2001,
with industrial solvent utilization accounting for 28% of these
!Engineer, URS Corporation, 9400 Amberglen Blvd., Austin, emissions(EPA 2003). Industrial solvent source categories in-
TX 78729 (corresponding author); formerly, MS Student, Dept. of Civil ¢|ude degreasing, printing, dry cleaning, surface coating, and
and Environmental Engineering, Univ. of Illinois at Urbana-Champaign, other application¢EPA 2000a). Many solvents cause or are sus-

205 N. Mathews Ave., Urbana, IL 61801. . .
2PhD Student, Dept. of Civil and Environmental Engineering, Univ. pected of causing cancer or other detrimental effects to human

of lllinois at Urbana-Champaign, 205 N. Mathews Ave., Urbana, health and the environment, and are classified as HAFPA

IL 61801. 2000a). The Clean Air Act of 1990 defines maximum achievable
SEnvironmental Engineer, Air Force Research Laboratory, AFRL/ control technology(MACT) standards for control of HAPS in
MLQF, 139 Barnes Dr., Suite 2, Tyndall AFB, FL 32403-5323. various industrial sectors based on current control technologies,

PhD Student, Dept. of Civil and Environmental Engineering, Univ. and it lists 188 HAPs that are governed by these stand&a
of llinois at Urbana-Champaign, 205 N. Mathews Ave., Urbana, 2000a,b). For existing stationary sources, the MACT standard is

IL 61801. ! o ! .
Sprofessor, Dept. of Civil and Environmental Engineering, Univ. of defined as the average emissions reduction achieved by the best

lllinois at Urbana-Champaign, 205 N. Mathews Ave., Urbana, IL 61801 12% of s_ources in a category, If there are 30 or more existing
(corresponding author). sources in that categoryEPA 2000b). For new sources, the

SEnvironmental Engineer, Construction Engineering Research Lab, MACT standard is defined by the best-controlled similar source in
U.S. Army Corps of Engineers, 2902 Newmark Drive, P.O. Box 9005, the sectoi(EPA 2000b).
Champaign, IL 61826. Reduction in the amount of solvent emissions required to meet
Note. Associate Editor: Joseph D. Wander. Discussion open until Au- MACT standards can be accomp"shed with source reduction, ma-
gust 1, 2004. Separate discussions must be submitted for individual Pa-iarial substitution, oxidative destruction, absorption, condensa-

pers. To extend the closing date by one month, a written request must betion or adsorption. Capture and recovery of solvents offers a

filed with the ASCE Managing Editor. The manuscript for this paper was . . . .
submitted for review and possible publication on September 18, 2002; potentially cost-effective and environmentally beneficial means to

approved on March 25, 2003. This paper is part of3bernal of Envi- control solvent emissions, as solvents can be recovered for pro-
ronmental Engineering, Vol. 130, No. 3, March 1, 2004. ©ASCE, ISSN  cess reuse, and energy costs can be lower than for existing tech-
0733-9372/2004/3-268-275/$18.00. nologies. Adsorbents that are typically used to capture and re-
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Table 1. Properties of Selected Organic Vapors

Range of relative

Normal boiling point Saturation vapor pressure Tested concentration range pressure tested
Compound Formula at 101,000 Pa(°C) at 20°C (Pgy, Pa) (ppm by volume) (P/Pgs)
MPK CsH1 0 102 3.47x10° 250-1,000 7.4x103-2.2x1072
MEK C,HgO 79.6 9.33x10° 200-750 2.2x10 3-7.9x10 3
n-hexane CeH1a 68.7 1.60x10* 230-750 1.5Xx10 3-4.5x10"3
Acetone CsHeO 56.5 2.45x10* 500-1,020 2.1x10 3-4.2x10°3
Methylene chloride  CH,Cl, 40.7 4.65x10° 960 2.1x10°3

Note: MPK=methyl propyl ketone; MEK=methyl ethyl ketone.
aMerck Index(1996).
PReid et al.(1987).

cover gas-phase emissions include activated alumina, silica gelair stream was passed through an adsorber containing ACFC until
zeolites, and activated carbon. These adsorbents are typically recomplete breakthrough occurred. Equilibrium adsorption iso-
generated with steam, inert gas, or a vacuum. therms were derived from these breakthrough curves and com-
Activated carbon fiber clotftACFC) is a subset of activated  pared to results that were provided by an independent gravimetric
carbon adsorbents that offers certain advantages over convenmethod. The efficiency of the ACFC adsorber was evaluated with
tional granular activated carbons. The ACFC used here is ash-parametrics such as the throughput rafi®R)and length of un-
free, which does not promote undesirable chemical side reactionsysed bedLUB).
and has a fiber diameter of 12.3-um, which provides rapid The ACFC was then regenerated by purging the vessel with N
mass and heat transfer to minimize the risk of |gn|t|0n within the and app|y|ng electric Vo|tage across the ACFC. The electric cir-
adsorption vesselFoster et al. 1992; Lordgooei et al. 1998; Lo ¢yt consisted of the four ACFC cartridges in series, with the
2002). Activated carbon fiber cloth is microporous with large pore ¢yrent flowing through the ACFC in each cartrid@ég. 1). The
volumes, allowing high adsorption capacities at low adsorbate gesorhed organic vapor collected as a liquid at the exit of the
concentration¢Cal et al. 1994; Lordgooei et al. 1998), and itis qsorption vessel. The effectiveness of the regeneration process
available in shapable woven fabrics allowing the construction of ;o< ovaluated by means of the fraction of organic vapor recov-
filter cartridges(Hayes and Joseph 1981; Sullivan etal. 2001). gaq a5 4 liquid and the electrical energy consumed during elec-
The electrical properties of ACFC allow for energy-efficient elec- trothermal regeneration of the ACFC
trothermal desorption because electrical energy is deposited di- The adsorbate-laden air stream was generated using a syringe

gc;:y fggt{]_el_g]é:gﬁe%f:; flll)ggsé.vll_acl)rtgeo\;g?l; grrél%%tg?\éiﬁvan pump (KD Scientific Model 200)and hypodermic needle to inject
' ' ) ! 9 . ’ liquid organic compound> 99.5% purejnto a stream of dry air

et al. 2001). Electrothermal heating of saturated ACFCs causes,_. o - .
. . S (Fig. 2). Competitive adsorption between organic vapors and
rapid desorption of the adsorbate resulting in an extremely con-

centrated effluent stream, which can condense into a recyclableWater vapor existéCal et al. 1995; Sullivan et al. 200but was

. . . not tested as part of this study. The flow rate of air was controlled
roduct without the need for ancillary heat transfer deviGas- . .
ﬁvanuet ;\lll 2081) rary vi with a mass flow controlle(Tylan FC-262, RO-28). Evaporation

This paper evaluates the performance of a bench-scale ACFC]?f thebor_ge.\nlc. comhpolL.md.én.to the ?'r Ztrgam W?S made krlnore uni-
electrothermal-swing adsorption system for industrial solvents at "M by injecting the liquid into a fixed piece of ACFC that was
attached to the hypodermic needle. All adsorption tests reported

relative pressures ranging over an order of magnitude. Relative s ' TUTEE
pressure is defined as the vapor’s partial presé@alivided by h(_are were completed with smgle-con_wponent organic vapors in air,
without evaluating the system’s ability to capture and recover

its saturation vapor pressurd’ ;). The partial pressure of a - i oadlt
vapor existing in equilibrium with its liquid is called the satura- Multicomponent organic vapors in air. However, the system was

tion vapor pressure. The selected solvents, in order of increasingShown to capture and recover a 500 ppm by volume toluene and

ketone(MEK), n-hexane, acetone, and methylene chloride. These (Dombrowski 2001).
compounds haveP, values ranging from 3.47%C° to The adsorbate concentration was measured with a total hydro-

4.65x10" Pa at 20°C(Table 1). Hexane, MEK, and methylene carbon(THC) analyzer equipped with a flame ionization detector
chloride are classified by the EPA as HAFBPA 2002b). The (FID, Baseline Industries Series 8800). For each adsorbate, the
adsorbates and electrothermal-swing adsorption system werd=ID was calibrated with a certified span gddatheson, Inc.). A
evaluated over a single adsorption and electrothermal regeneramass balance based on the flow rates of air and adsorbate was
tion cycle and over a range of relative pressures to obtain data and!sed to calculate the expected concentration produced by the gas
parameters for scale-up and operation of an automated dual-generation system. The mass balance value served as a check on
vessel system. the FID output. Span gases were not available for MPK and ac-

etone. In these cases, the FID was calibrated with MEK, and then

a correction factor based on chemical structure was used to cor-
Experimental Apparatus and Procedures relate the FID output to the actual MPK or acetone concentration

as calculated by mass balance. In all tests except one, the concen-
Breakthrough tests were performed to characterize the ability of trations were within 7% of their target value based on mass bal-
ACFC to capture and recover organic vapors under a range ofances. In one test, the concentration was within 17.6% of the
relative pressures with air as the carrier gas. An adsorbate-ladertarget value.
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Fig. 1. Flow of gas and electrical current through adsorber

The adsorbate-laden air stream passed through a cylindricalnum and was conical to promote the flow of recovered liquid

adsorption vesséll5 cm long, 12.5 cm outside diameter, and 0.4
cm wall thicknesswhich contained 128.5 g of dried ACFC. The

ACFC adsorbent used in this study was made from phenolic No-

volac resin(ACC-5092-20, American Kynol, Inc.). The ACFC
has a N BET surface area of 1,970%g, with a micropore area
of 1,890 n¥/g; thus, micropores comprise greater than 95% of the
total surface areéHsi et al. 2001). The areal density of the cloth
is 128.7#21.8g/m, and the electrical resistivity is
2.0x107% Q-m at ~22°C(Sullivan et al. 2001). A single sheet
of ACFC was divided into four rolled cartridges of approximately

organic vapor through the exit of the vessel. Temperatures of the
external surface of the ACFC cartridges and thephNrge stream

as it exited the vessel were measured with thermocouipigs J,
Omega, Inc.).

N, gas (standard grade with 99.998% puritat one actual
L/min was used to purge the adsorption vessel gfdfer the
ACFC was saturated with organic vapor. Electrical power applied
to the ACFC during electrothermal desorption was controlled
with a silicon control rectifiedSCR, Robicon Series 440). The
RMS current (gus) Was measured with an electric field donut

equal mass. Each cartridge was 20.3 cm long, with 16 layers of (Fluke, Inc.), and the RMS voltage/gus) was measured with a

cloth, and an outer cross-sectional area of 14%. chime four
cartridges were mounted vertically within the adsorption vessel

potentiometelFluke, Inc.).
Organic vapor formation during desorption was rapid, such

such that gas flow passed through the walls of two cartridges inthat the vapor space in the vessel became saturated and liquid

parallel, and then through another two cartridges in paréHigj.

condensed on the vessel walls. This liquid flowed out the bottom

1). The base of the adsorption vessel was constructed of alumi-of the vessel and was collected in an Erlenmeyer flask that was

Bypass

Adsorber Influent

House Air /7 \ fe—r")
g1 %
K1 =2 R
)
THC/FID 0oC
8 Q, 3 i (312
i
%]
Particle Filter Condensate
To Hood
Balance

Fig. 2. System diagram for breakthrough curve tests
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placed on a gravimetric balan¢@cculab LT-3200)to measure lated by Eq.(1) using mass adsorbed values. The smaller the

the mass of liquid recovered. Desorption was performed without LUB, the smaller the mass transfer zone and the smaller the mass

the aid of any ancillary cooling devices. Optimization of the transfer effects.

amount of liquid recovered requires careful selection of materi-  Liquid solvent recovery efficiency during electrothermal re-

al(s) for the vessel to allow for high heat transfer from the vessel generation is quantified in E¢4) by computing the mass ratio of

to the ambient environment. However, in this study, the vessel liquid organic vapor recovered from a single regeneration cycle

walls were made of Pyrex to allow viewing of the desorption (Mjq,ig) to the amount of organic vapor adsorbed during the pre-

process, while the base was constructed of aluminum. Successfuteding adsorption cycle

electrothermal-swing adsorption tests using a cylindrical vessel

with an aluminum wall were completed by Sullivan et @001).
Data acquisition and instrumentation control were carried out Liquid solvent recovery efficiencies were less than unity because

with a Keithley 500A Measurement and Control System with some organic vapor partitioned to the Nurge stream and was

ViewDac software (version 2.10). A custom routine was pro- readsorbed to the ACFC at the end of the regeneration cycle. The

grammed to monitor the concentration of organic vapor in the air amount of organic vapor in the purge streaM ,\(Z) was deter-

stream exiting the adsorber and the temperature of the adsorbeimined by assuming that the purge gas was saturated with organic

This routine also controlled voltage application and valve switch- vapor at the average temperature of the exiting liquid, 29.5°C.

ing. The amount of organic vapor that remained adsorbed to the ACFC
Breakthrough curve tests were performed at ambient tempera-(M ,cr¢) is quantified by the material balance in E§)

ture (212°C) and a total gas flow rate of 40.0 standard liter per

minute (slpm) (tandardized to 0°C, 101 kPa). A single- M acrc=Madsorbea™ M, = Miiquid ®)

component organic-vapor-laden air stream of specified concentra-as shown in Eq.(6), the total electrical energl applied to the
tion passed through the ACFC adsorption vessel until the adsorp-oCFC during desorption was calculated over time steps of 10 s.
tion vessel was saturated with the adsorbate. The ACFC was then
regenerated by purging the vessel with &hd applying electric _
power to the ACFC. Condensation of organic vapor on the ves- E_En: (Irus) (Vrus) (A1) ©)
sel’s internal walls was observed approximately one minute after . . . . )
power was applied to the ACFC, at which point the ACFC was where At=time mtervall over which voltgge was applied, lO. S;
approaching 50°C. Condensate then began to flow down the ves-andn: number of 1.0 § intervals over Wh'Ch. voltage was gpplled.
sel walls, exiting the vessel to be collected in an Erlenmeyer flask. divi-lc—jhe?j :)Ot?*eelgg'fn%l;:g:gn%aiz%l:ce“d u?grér;ﬂeﬁggqgrggfe?mvﬁj
Electrical power was applied until the temperature of the ACFC h y/l' id I dnd q fliquid )
cartridges reached 200°C, typically 210 s after the start of powert € energy/liquid mole recovereend energy/iiquid mass recov
ered. Discounting vapor losses, energy consumed per unit mass of

application. Nitrogen continued to flow through the vessel for 2 liquid recovered is reported to characterize the efficiency of elec
min after th wer lication st ther rging th e ; )
are e power application stopped, thereby purging the trothermal regeneratiofwithout ancillary treatmentjn recover-

Vaq-ogesig(;fc?; gézﬁtb\p{j;saa;gg?ﬁ%xv ggpc;rg@ :g ;Z? (Srrrﬁin ed ing the organic vapor as a liquid for reuse. Térergy/mole ad-
sorbedwas calculated by dividing the total amount of energy

by Eqg. (1) at saturation by integrating the area above the break- . . 4 .
through curve applied during regeneration by the moles of organic vapor gas
9 that were adsorbed to the ACFC at equilibrium. The energy/mole

Liquid solvent recovery efficiencyM quia/M agsorbed (4)

(EESj};fa‘iOr( Co—Cy)QAL) adsorbed represents a minimum energy/mole for the system tested
= Mrcrc (1) here if all of the adsorbate could be recovered as a liquid without
consuming additional energy. The difference between the energy/
where W= equilibrium adsorption capacity of ACFG,=inlet mole recovered and energy/mole adsorbed quantifies the improve-
organic vapor concentratiof;; = concentration of organic vapor  ment that can be made by condensing all of the desorbed vapor
exiting the adsorber at timé Q=inlet gas flow rate;macec during regeneration.

=mass of ACFC in the vessel; ard =time interval in whichC,
data were collected.

The TPR is calculated by Eq(2) as the time required to
achieve 5% breakthroughts) divided by the time required to

Results and Discussion

achieve 50% breakthrougtisg) (LeVan et al. 1997) Evaluation of Activated Carbon Fiber Cloth Capture
Efficien
TPR=ts/ts @) clency
Higher TPRs indicate a steeper breakthrough curve, where Equilibrium Adsorption Capacity
mass transfer limitations become less important. ASTR® ap- For all organic vapor adsorption tests, the initial outlet concentra-

proaches unity, the time needed to develop the mass transfer retion from the adsorber was less than the detection limit of the
gion becomes insignificant compared to the time needed to satu-FID, indicating greater than 99.9% removal of organic vapor by
rate the adsorber. the ACFC. Equilibrium adsorption capacities were measured at
Adsorbers are typically taken off-line at or before 5% break- concentrations ranging from 200 to 1,020 gprwhich translates
through. TheLUB, as calculated in Eq3), is used to estimate the ~ to a relative pressure range of X80 3 to 2.2x10 2. At the
fractional length of bed that is not utilized at 5% breakthrough lower end of the relative pressure range tested X18 ° to
(McCabe et al. 1993) 1.0x1072), the equilibrium adsorption capacities increased
_ steeply with increasing relative pressure, consistent with a Type 1

LUB=1=Mso,/Magsorbed 1~ s /saturation (3) isotherm (Fig. 3). As the relative pressure increased above
where Mo, =mass of organic vapor adsorbed at titze and 1.0x102, there were smaller gains in the equilibrium adsorption
M adsorbed™ Mass of organic vapor adsorbed at saturation, as calcu-capacity.
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Fig. 3. Independently measured equilibrium adsorption capacities of Time [h]
organic vapors using breakthrough curves and Dubinin-RadushkevichFi

fit predictions from gravimetric balance data g. 4. This breakthrough curve, obtained for 730 ppm by volume

methyl ethyl ketone in air, was typical of breakthrough curves ob-
tained with the activated carbon fiber cloth adsorber

Of the compounds tested, MPK had the lowest saturation
vapor pressure (3.4730° Pa at 20°C)and the highest equilib-  lowest relative pressure tested. For hexane, there was good agree-
rium adsorption capacity, ranging between 404 and 486 mg/g for ment between the gravimetric data and the breakthrough data;
concentrations between 253 and 765 ppm by volume. Hexane anchowever, the DR fit(which was obtained for gravimetric data
MEK, with saturation vapor pressures of 9.38¢% and extending up to a relative pressure of JOvEas not adequate for
1.60x10* Pa at 20°C, respectively, behaved similarly to each either set of data at low relative pressures. Differences between
other, with equilibrium adsorption capacities ranging between 239 the breakthrough data and the DR predictions for hexane were as
and 334 mg/g for concentrations between 206 and 732 ppm bylarge as 30%. For methylene chloride, only one datum exists for
volume. Acetone and methylene chloride had the highest satura-comparison. The adsorption capacity for methylene chloride, as
tion vapor pressures, 2.45¢* and 4.65X10% Pa at 20°C, re- determined in this study, was 18% less than the DR-predicted
spectively, and their equilibrium adsorption capacities were ap- adsorption capacity.
proximately one-third the capacity of MPK. In all cases, the DR fit slightly overpredicted the adsorption

Two breakthrough tests were conducted for hexane at 475 ppmcapacity of the adsorber, perhaps indicating that full utilization of
by volume. The calculated adsorption capacities were within 1% the ACFC was not achieved. The asymmetrical shape of the
of each other. Two breakthrough tests were conducted for hexanebreakthrough curves obtained with the ACFC adsorber further
at 710 ppm by volume. These results were within 4% of each indicates incomplete utilization of the ACFC. A typical curve,
other. The ACFC had undergone at least six adsorption/ obtained for 730 ppm by volume MEK in air, is shown in Fig. 4.
regeneration cycles between the original tests and the duplicatéWhile the initial breakthrough has a very steep slope of 479 ppm
tests. The repeatability of these results indicates the ability of the by volume/h, the slope becomes shall®8 ppm by volume/has
ACFC to resist degradation. the adsorber outlet concentration approaches the inlet concentra-

The equilibrium adsorption capacity data determined in this tion. It is speculated that the mounting brackets used to hold the
study for MPK, MEK, hexane, acetone, and methylene chloride ACFC in the adsorber vessel cause small sections of the cloth to
were compared with an independent gravimetric mettiad be less accessible to the vapor-laden gas stream, thereby causing
25°C) for the same lot of ACFC. This method is described here the asymmetry in the breakthrough curve.
briefly for clarity, but is described in more detéaRamirez et al.
2004). In the gravimetric method, a 3 g piece of ACFC was Throughput Ratio
placed on a gravimetric baland€ahn, Model C-2000jn a The arithmetic mean and standard deviation of the throughput
temperature-controlled vessel. As an adsorbate-ladestidam ratio (TPR)for all of the tests performed was 0.9D:03 (Table
passed through the vessel, the changing weight of the ACFC was2). The arithmetic meaPRis 9% less than the ideal value of
monitored. When the ACFC reached a steady-state weight, theunity, indicating that there were some mass transfer limitations in
increase in weight was used to calculate the mass equilibriumthe system. The meahPRis close to the experimentally deter-
adsorption capacity. The equilibrium adsorption capacities were mined maximumTPR of 0.95 that is practically achievable with
used to determine the Dubinin-Radushke\EtR) fitting param- this adsorption systertBullivan et al. 2001).

eters for each compoun@ubinin 1989). The DR equation de- The TPR data were located in two rang€Bable 2). Hexane,
scribes physical adsorption in microporous activated carbon ad-MPK, and MEK had an averagéPR of 0.92+0.01, while the
sorbents based on a volume pore-filling model. compounds with higher saturation vapor pressieegtone and

The adsorption capacities predicted by the DR fit were com- methylene chloridehad a slightly lower meaTPR value of
pared to the equilibrium adsorption capacities determined in this 0.87+0.01. However, these results demonstrate TR changed
bench-scale adsorber study. Good agreement was seen for thby only 11% as the relative pressures of these compounds
MPK and acetone data, with discrepancies less than 8% betweerchanged by 1,417%. THEPRwas not sensitive to the wide range
the DR predictions and the independent data obtained during thisof relative pressures tested here. This result is encouraging for
study (Fig. 3). For MEK, the DR overpredicted the capacity by system applications that experience a wide range of relative pres-
8% at the higher relative pressures tested, and by 17% at thesures in their effluent gas streams.
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Table 2. Summary of Experimental Results

Isosteric heat

Energy/mole Energy/mole  of adsorptiofi and

Inlet gas phase Relative Adsorption Throughput Length of organic vapor organic vapor (heat of vaporization
concentration ~ pressure  capacity ratio unused bed recovered adsorbed at boiling poinj®
Compound (ppm by volume) (P/Pgy) (mgl/g) (unitless)  (unitless) (kJ/mol) (kJ/mol) (kJ/mol)
MPK 253 7.4x1073 404 0.91 0.10 375 303
499 1.5x10°2 459 0.93 0.09 332 271 (33.9
765 2.2Xx1072 486 0.93 0.12 327 262
MEK 206 2.2x1073 239 0.91 0.10 544 379 49.9
471 5.1x10°3 305 0.92 0.13 423 317 (31.3
732 7.9x10°3 334 0.92 0.11 419 233
Hexane 233 1.5x1073 269 0.92 0.16 629 396
475 3.0x10°3 317 0.94 0.09 584 330 (28.9
710 45x10°8 308 0.92 0.11 546 324
Acetone 503 2.1x10°3 120 0.88 0.19 1,367 516 47.2
752 3.1x10°3 141 0.88 0.17 1,009 462 (29.1)
1,020 4.2X10°8 165 0.87 0.18 924 487
Methylene chloride 960 213073 147 0.85 0.22 4,698 498 (28.1)

Note: MPK=methyl propyl ketone; MEK=methyl ethyl ketone.
®Ramirez et al(2004).
bWeast(2000).

erated with an MEK/air stream to evaluate the reduction in break-
through time {s) caused by the retention of adsorbate in the
vessel after electrothermal regeneration and the recirculation of

Length of Unused Bed
Fractional length of unused bedkBs) ranged from 0.09 to
0.22(Table 2). As withTPRvalues, there are two distinct regions

observed folLUB values. For MPK, MEK, and hexane the arith-
metic mean and standard deviation of tHB were 0.1120.02.
For acetone and methylene chloride tHgB was 0.1920.02, so
that the fractionalLUB was almost twice as long, indicating

organic vapor in the recycle streaf8ullivan et al. 2004). There
was a 22% reduction ity for the second adsorption cycle com-
pared to the first adsorption cycle that initially contained no or-
ganic vapor in the ACFC. For organic vapors with high saturation

greater mass transfer effects. However, thiB was still limited vapor pressure&.g., acetone and methylene chloride), the break-
to less than 0.22 for the range of relative pressures.TRRRand through time may become smaller than the time needed for de-
LUB results indicate that the mass transfer zone within the ACFC sorption and cooling. In such cases, continuous operation of a
is only slightly dependent on the relative pressure of the organic dual-adsorber system would not be possible without using more
vapors tested here. adsorbent in each vessel or treating the exit stream, chilling).

Energy/Mole Adsorbed versus Energy/Liquid Mole

Recovered

The total electrical energy supplied for desorption of the ACFC
ranged from 1.1 0% to 1.9x10? kJ for the system and com-

Evaluation of Activated Carbon Fiber Cloth
Regeneration Efficiency

Liquid Solvent Recovery Efficiency
Overall, the liquid solvent recovery efficiend¥ig. 5) followed
the same trend as the equilibrium ACFC adsorption cap&Eity
3). The liquid recovery fraction increased with increasing relative
pressure of the inlet organic vapor stream, with the recovery frac-
tion asymptotically approaching a maximum value ©0.80,
based on two data points for MPK at relative pressures larger than
0.010.

Partitioning of the organic vapor betwedh,gsohea M,, and

Miiquig during regeneration demonstrates that the mass fraction of

1.0
0.9
0.8
0.7
0.6
0.5

,,,,, VAPOR PRESSURE

organic vapor remaining in the adsorption vessel was fairly con- 0.4 g L mzlé -------------------- S
stant for all of the testéFig. 6). However, as the saturation vapor 0.3 i Hexane i 4
pressure of the organic vapor increased, there was a concomitant 0.2 i Acetone ! ]

loss of organic vapor to the Nourge gas stream, causing smaller 4 Methyle"eicmr'de

liquid recovery efficiencies. Methylene chloride had the lowest
overall solvent recovery fraction of 0.11, due to the preferential
partitioning of the compound into the gas phase.

In a dual-adsorber system, the Nurge stream would be re-
cycled to the on-line adsorber. Increasing concentrations of or- _ o . .
ganic vapor in the M purge stream would decrease the break- Fig. 5. Dependence oflllqwd solvgnt recovery efﬁmency durlng.
through time for the online adsorber. A similar automated electrothermal regeneration on relative pressure of organic vapor in

adsorption system with two ACFC cartridges per vessel was op- inlet gas stream
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Fig. 8. Energy/liquid mass recovered for five organic vapors as a
function of initial organic vapor loading of adsorber

MPK (253 ppmv)
MPK (499 ppmv)
MPK (765 ppmv)
MEK (206 ppmv)
MEK (471 ppmv)
MEK (732 ppmv)
Hexane (233 ppmv)
Hexane (475 ppmv)
Hexane (710 ppmv)
Acetone (503 ppmv)
Acetone (752 ppmv)

thermore, it is unclear whether equilibrium was established at the
gas/adsorber wall interface for the methylene chloride. During
Fig. 6. Partitioning of organic vapor during electrothermal regenera- desorption, the methylene chloride formed a visible fog that oc-
tion between the Npurge stream, the activated carbon fiber cloth cupied the annular space between the ACFC and the vessel walls.
(ACFC), and the recovered liquid. The horizontal axis categories The other compounds did not have a visible fog, except on the
refer to the conditions at which the ACFC adsorption vessel was vessel walls. Film versus dropwise condensation mechanisms
saturated prior to regeneration. may have played a role in the degree of condensation achieved for
methylene chloridéincopera and Dewitt 1981).

The total energy/mole adsorbed for each of the experiments
pounds evaluated here. Total electrical energy per liquid mole of ranged from 233 to 516 kJ/mol. For the experimental conditions
organic vapor recovered increased exponentially from 327 1o tested, the total energy/mole adsorbed represents the minimum
4,698 kJ/mol with decreasing relative pressure of the inlet gas amount of energy/mole needed to recover all of the organic com-
stream(Table 2 and Fig. 7). The energy/liquid mole recovered for nound. The values for energy/mole recovered were greater than
methylene chloride was three times larger than described by thethe values for energy/mole adsorbed because 100% liquid recov-
curve fit because of the small liquid recovery achieved from de- ery was not achieved. As the relative pressures of the compounds
sorption. decreased and fractional liquid recovery efficiency decreased, the

For methylene chloride, which has a higher saturation vapor gisparity between the energy/mole adsorbed and energy/mole re-
pressure and lower equilibrium adsorption capacity, the calculatedqqyered increase(Fig. 7).
amount of vapor in the Nstream has an even greater dependency  The energy/liquid mass recovered increased exponentially
on the temperature compared to the other vapors tested here. Fukyith decreasing initial adsorber loadir(ig. 8). For example,

MPK had a higher initial adsorber loading than MEK, so more
1600 o t_ota_l energy was needed to desorb MPK. However, the_ energy/
[ methyle : W energy per mole adsorbed liquid mass recovered was smaller for MPK because it had a

ne chioride

1400 ‘_....%f‘.‘.’?‘?.‘&?!!‘.‘?'.e.f}??,‘?‘_’ﬁ',?‘.’, ________ F‘._en;.e,rgv_Pﬁ!.mglﬁ.t?_GQ‘!_?_"?@_t higher fractional recovery of liquid.
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O REASING SATURATION ] Comparison of Energy/Mole Recovered to Isosteric Heat
T 1000 A A . VAPOR PRESSURE\ of Adsorption
g A MPK Assuming a completely reversible process, the isosteric heat of
3 800 :exane adsorption represents the ideal minimum energy needed to desorb
= cetone

an adsorbate. The isosteric heat of adsorption for MEK is 49.9
kJ/mol (Ramirez et al. 2004). The energy/mole of MEK adsorbed
depended on the inlet gas concentration, but on average it was
about six times higher than the isosteric heat of adsorgfiable

600 Methylene Chloride

400

Applied Electrical Energy per Mole

200 . : ; 1 2). For acetone, the isosteric heat of adsorption is 47.2 kJ/mol
o T Isosteric heat of adsorption for MEK—————; (Ramirez et al. 2004), and the energy/mole of acetone adsorbed
0.000 0.005 0.010 0.015 0.020 0.025 was on average about ten times higher than the isosteric heat of

adsorption. This comparison shows that, as the saturation vapor

) pressure of the compound increases, there is an increasing dispar-

Egétizn cli‘nglgi/ic rzog)?e:fusrzrz??h:?glefgzggg ?;c;r?] recovered as aity between the energy used to electrothermally desorb organic
vapor from the ACFC and the theoretical minimum energy.

Relative Pressure [P/P ’]
sal
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Summary and Conclusions onto activated carbon fibers: Comparison of experimental and mod-
I . L . eled isotherms.’Environ. Prog.,13(1), 26—-30.

The equn.lbrlum adsorption cgpacny mcreasgd as the relative Cal, M. P., Rood, M. J., and Larson, S. K1995). “Removal of VOCs

pressure increased for the activated carbon fiber cloth adsorbent ¢4 humidified gas streams using activated carbon cloBas Sep.

and organic vapors tested here. The organic vapors having lower pyyif., 10(2), 117-121.

saturation vapor pressur@dlPK, MEK, and hexanehad an av- Dombrowski, K.(2001). “Electrothermal regeneration of activated car-
erage throughput ratid’PR)of 0.92+0.01, while the higher satu- bon fiber cloth with adsorbed volatile organic compounds.” MS the-
ration vapor pressure organic vapo@cetone and methylene sis, University of lllinois, Urbana, IIl., 93.

chloride) had an averag&PR of 0.87+0.01. The length of un- Dubinin, M. M. (1989). “Fundamentals of the theory of adsorption in
used bedLUB) gave the same trends as thER. These results micropores of carbon adsorbents—Characteristics of their adsorption

indicate that the current configuration of the adsorber is effective  properties and microporous structure€arbon,27(3), 457-467.

for these compounds; however, as the saturation vapor pressur&nvironmental Protection AgendfEPA). (2000a). “National air quality
increases, there are incentives to modify the adsorber by increas- and emissions trends.Rep. No. EPA-454/R-01-004, Research Tri-
ing the activated carbon content within the adsorber. angle Park, N.C. _ .

After the ACFC was saturated with organic vapor, it was elec- Enwronmental Protection Agend§ePA). (2000b). “Takln.g toxics out of
trothermally regenerated to determine the fractional recovery ef- __h€ air” Rep. No. EPA-452/K-00-002, Research Triangle Park, N.C.
ficiency of liquid organic vapor and the energy used to regenera‘teEm"ronmental PrOteCt'Pn.AgenCERA>' _(2002a)' Inv?ntory of U.S.
the ACFC. In general, the fractional recovery of liquid increased greenhouse gas emissions and sinks: 19902008 No. EPA-430-

the organic vapor relative pr re in the feed stream in-. 02 003, Washington, D.C.
as the orga _C, "?‘po ela e, pressure € leed strea Environmental Protection Agend¥PA). (2002b). “Section 122 hazard-
creased. Partitioning of organic vapor to the purge stream

L . . ous air pollutants.*http://www.epa.gov/ttn/atw/188polls.htmIAdg.
became significant for the higher-saturation-vapor-pressure com- 2002).

pounds acetone and methylene chloride. Breakthrough times forgnyironmental Protection AgendEPA). (2003). “Average annual emis-
these compounds may become shorter than the time needed for sjons; all criteria pollutants; years including 1980, 1985, 1989—2001.”
regeneration in a dual-vessel system because jhauige stream (http:/Aww.epa.gov/ttn/chief/trends/trends01/trends2001.pdfeb
would be recycled to the vessel that is adsorbing organic vapor 23, 2003).
from the incoming air. In such a case, chilling of the low-flow- Foster, K. L., Fuerman, R. G., Economy, J., Larson, S. M., and Rood, M.
rate N, purge stream would be beneficial. J. (1992). “Adsorption characteristics of trace volatile organic-

The energy/liquid mass recovered increased exponentially as compounds in gas streams onto activated carbon-fibeZhém.
the initial mass loading of the adsorbent decreased. Comparison Mater., 4(5), 1068-1073.
of the energy/mole adsorbed to the isosteric heat of adsorptionHayes, J., and Joseph, @981). “Novoloid fibers.”Kirk-Othmer: Ency-
indicates that, as the saturation vapor pressure of the compound ~clopedia of chemical technology, Vol. 16, Wiley, New York, 125-138.
increased, there was an increase in the disparity between thes&'Si H.-C., et al(2001). “Effects of sulfur impregnation temperature on
two parameters. This result suggests the need for additional work the properties ”and r_nercury_adsorptlon capacities of Activated Carbon
to produce a convergence of these two parameters. Fibers(ACFs). EnV|ro.n. Sci. Technol35(13), 2785-2791.

Despite differences in results for the relative pressures of or- Incopera, F. P, and Dewitt, D. R1981). Fundamentals of heat transfer,
ganic vapors tested here, the ACFC had significant adsorption W|I_ey, New York. i

.. . ' . ) LeCloirec, P., Rasquet, C., and Subrenat,1296). “The adsorption onto

capacities for. aII.flve compounds §tudled. However, the Comp'”ed fibrous activated carbon—applications to water and air treatments.”
eﬁect_ of low I|qU|q recovery and high energy usage may _faC|I|tate Abstr. Pap.-Am. Chem. So@11(77), 379—384.
retrofits to the existing ACFC system for its application with com- | evan, M. D., Carta, G., and Yon, C. M1997). “Adsorption and ion
pounds at lower relative pressures. Possible retrofits include in-  gychange.” Perry's Chemical Engineers’ Handbook, 7th Ed.,
creasing the mass content of ACFC per unit volume of the vessel  \McGraw-Hill, New York, 16—17.
and chilling the recycle of the low-flow-rate,Nourge gas. For Lo, Suk-yi. (2002) “Characterization of the chemical, physical, thermal
lower-saturation-vapor  pressure compounds, the ACFC and electrical properties of a series of activated carbon fiber cloths.”
electrothermal-swing adsorption system is a very promising can-  M.S. thesis, University of lllinois, Urbana, Ill., 110.
didate for capturing dilute organic vapors from air streams and Lordgooei, M., et al(1998). “Sorption and modeling of mass transfer of
producing liquid organic vapor for reuse in the process that pro-  toxic chemical vapors in activated-carbon fiber-cloth adsorbda:”

duced the vapor. ergy Fuels,12(6), 1079-1088.
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